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M olecules of copper phthalocyanine substituted w ith four 18-crown-6 moieties, were aggregated w ith the help of K +, R b +, and C s+ 
picrates. Possible structures were proposed based on  com puter analysis of X -ray pow der diffraction patterns: for the crowned phthalo- 
cyanine an orthorhom bic cell with: a = 50.77, b =  25, c =  8.7 A. F o r its m etal p icrate  complexes, tetragonal structures were found: 
a =  b =  22.76, c =  12.99 A  (K +-complex); a =  b =  29.44, c =  10.63 A  (C s+-complex); a =  b =  29.44, c =  10,40 A  (R b+-complex). 
A.c. im pedance spectroscopy showed an increase in the electronic conductivity o f 2 to 3 pow ers of ten, if crowned phthalocyanine was 
aggregated by m eans of a  metal picrate salt. In  the K + complex only electronic conductivity  could be detected. The R b + and Cs +
complexes exhibited cation conductivity as well.
Introduction
Recently much effort has been directed to the construction 
oflow  dimensional organic conductors comprising phthalo- 
cyanines (Pc’s). Well known are single crystals of partially 
oxidized (metallo-) Pc’s [1], Pc’s as disco tic liquid crystals
[2], and metallo-Pc’s polymerized through suitable biden- 
tate ligands [3]. All of these systems consist of columns of 
face to face stacked macrocycles with small inter-planar dis­
tances, Charge transport of electrons or holes occurs via 
n —n  overlap of the macrocyclic ligands, via a one dimen­
sional chain of metal centres, or via a metal-ligand-metal 
chain. We achieved an alternative way of stacking by adding 
cations to Pc’s to which four crown ether rings are attached
[4].
In solution “crowned”-phthalocyanine 1 tends to form 
aggregates. Aggregation is induced by alkali metal ions 
which coordinate to the crown ether rings. This aggregation 
is particularly notable when the diameter of the ion exceeds 
the inner diameter of the crown ether rings. In these aggre­
gates the cations are sandwiched between two crown ether 
rings. Also, by using cations with different diameters, we are 
able to influence the interplanar distance and staggering 
angles between the Pc ligands. In an earlier communication
[5], we reported on the electrical conductivity of 1 in its
solid state. This conductivity increases when 1 is complexed 
with alkali metal picrates. Picrate salts were used to reduce 
anion conduction by steric hindrance.
In the present paper we propose a structure of 1 and of 
its K + , Rb+, and C s+ picrate complexes on the basis of 
X-ray powder diffraction patterns. Moreover, the electrical 
properties of the solid state compounds were studied by a.c. 
impedance spectroscopy. CuPc was used as a reference com­
pound.
Experimental 
Preparation of alkali metal picrate complexes of 
(4,5,4',5',4",5",4'",5'"-tetrakis(l,4,7,I0,13,16-hexaoxa- 
hexadecamethylene)phthalocyaninato)copper(II) (1)
C om pound 1 was synthesized as described previously [4a], Its 
K.+, R b + and C s+ picrate complexes were prepared by m ixing 1 
(0.07 mol) w ith the app ro p ria te  picrate salt in a  1 :4  ra tio  in 20 ml 
dry ch loroform -m ethanol (1:1 v/v) and stirring for two days a t 40 °C 
under an  a tm osphere o f dry nitrogen. A precipitate was form ed 
which was isolated by filtration  and washed with ho t chloroform , 
and subsequently  with ho t m ethanol until a colourless filtrate was 
obtained. T he p roduct was dried in vacuum over P 2O 5 for two days 
a t  150°C yielding a green, insoluble, m icro-crystalline powder, 
Yield: 80% .
K +-picrate com plex o f  1. T.G.A. 306 °C (decomp.); Anal. Calcd. 
for C uK 4C 96H 96N 20O 52 (1. (K +-picrate)„): K +, 6.10; C, 44.66; H , 3.75;
Ber. Bunsenges. Phys. Chem. 93, 702—707 (1989) — ©  Y C H  Yerlagsgesellschaft m bH , D-6940 W einlieim, 1989.
0005 -  9021/89/0606 -  0702 $ 02.50/0
O. E. Sielcken et al.: Alkali M etal P icrate Complexes of “C row ned”-Phthalocyanines etc. 703
N, 10.85; O, 32.22. Found: K +, 6.3; C, 44.54; H, 3.82; N, 10.68; O, 
32.31.
R b +-picrate complex o f  1. T.G.A. 306°C (decomp.); Anal. Calcd. 
for C uR b4C 96H MN 2o0 52 (1. (R b+-picrate)4): C, 41.67; H, 3.50; N, 
10.13; O, 30.05. Found: C, 41.49; H, 3.70; N, 10.08; O, 30.03.
r0^
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C s+-picrate complex o f 1. T.G.A. 306°C (decomp.); Anal. Calcd. 
for CuCs4C 96H 56N 20O 52 (1. (Cs+-picrate)4): C, 38.99; H, 3.27; N, 9.47; 
O, 28.13. Found: C, 38.77; H, 3.40; N, 9.56; O, 28.34,
CuPc. C uPc was prepared from plithalonitrile and Cu(I)CN ac­
cording to literature procedures [7],
X-Ray Diffraction
X-ray powder diffraction patterns of all polycrystalline com ­
pounds studied were recorded on a Guinier Joliansson FR  552 
powder diffractometer (ENRAF-NON IUS-CuK at), and on a  Kies- 
sig pow der diffractometer using Ni-filtered C uK a radiation (100 
and 400 mm sample-film distances were used). U nit cells o f the 
studied com pounds were generated using CPK-models, and a local 
com puter program  based on the trial and erro r m ethod of Henry, 
U pson, and W ooster [8].
A.c. Impedance Spectroscopy
T o prepare samples the materials were powdered in a  m o rta r 
and pressed a t a  load of 3 tons in disc-shaped com pacts with a 
diam eter of 6 mm, and a thickness o f 0.6 to  1.2 mm. Sputtered 
platinum  electrodes were applied using an Edwards Sputter C oater 
S 150B. The samples were m ounted in a conventional conductivity 
cell provided with resistive heating. Samples with sputtered film 
electrodes were springloaded between two P t disks. A constant flow 
of purified nitrogen was used. Impedance spectra were recorded in 
the frequency range 10~1 to 6.5 x 104 Hz using a Solartron 1250 
frequency response analyser and a  Solartron 1286 electrochemical 
interface. Reliable conductance values could be m easured from 
about 130“C. The temperature range studied was 130°C to 250°C, 
Bulk resistances were obtained from analysing the complex plane 
representations of the recorded impedance spectra. The electrical 
equivalent circuits describing the impedance spectra were deter­
m ined by a  detailed non-linear least-squares analysis [6] providing 
inform ation on electrode polarization phenom ena as well. The con­
ductivity activation energies, E 0, were calculated from conventional 
Arrhenius plots of the tem perature dependence of the conductivity, 
a — ff0 exp [ —E J k T ] .  Dielectric constants (e) were calculated from
A
the high-frequency capacitance Cm =  eeo —  where % =  8.85 x
10” 12 F/m , while d, and A  are the thickness, and electrode surface 
area of the samples.
Seebeck Measurements
The type of charge carriers in the samples was determined be­
tween 150 and 170°C using the ho t poin t probe technique. Seebeck 
voltages were measured with a  Keithly 614 electrometer.
Results and Discussion 
Description of the Structure
The sharp X-ray powder diffraction patterns of 1 and of 
its metal picrate complexes indicate the crystalline nature of 
the samples. Using a computer program, CPK models, and 
literature data on Pc’s, we tried to derive the structure of 
each compound from its diffraction data. Since powder pat­
terns do not provide a unique structure, we were only able 
to propose structures that are not in contradiction with the 
X-ray patterns.
Recently, structures for a compound similar to 1 but with 
15-crown-5 rings, and of its metal free ligand have been 
proposed by Simon et al. [9], They observed a crystalline 
phase which they assigned to an orthorhombie lattice with 
eclipsed Pc units having a unit cell of a =  20.5, b = 18, 
c =  4.2 A  (« =  p  =  y  =  90°). They also observed a meso- 
phase comprising staggered Pc’s with unit cell parameters 
a  — b =  20.8, c =  8.2 A  (a =  =  y  =  90°). For both 
structures an interplanar Pc distance of 3.4 A  and a 4.2 A  
distance for the crown ethers was proposed.
For 1 and its copper free analogue we observed lattice 
spacings similar to the crystalline phase observed by Simon 
et al. [9]. We did not observe a mesophase. However, the 
crystalline structure did not explain the presence of an ad­
ditional spacing at 50.77 A  in our diffraction patterns. This 
50.77 A  spacing indicates a larger unit cell. An orthorhombie 
unit cell with parameters a =  50.77, b =  25, c  =  8.7 A  
fitted our data quite well. For the molecular arrangement 
in this unit cell a spacing at 3.5 A  was assigned to be the 
mean interplanar distance of the Pc macrocycles. An 
eclipsed conformation of the macrocycles was not in agree­
ment with our data. It is known for H2Pc with an interplanar 
distance of 3.4 A , that it has a staggered conformation [10]. 
The staggering angle of the macrocycles is dependent on the 
interplanar distance and the substituents on the macrocycle. 
In this way steric repulsions can be decreased. A structure 
in accordance with our data with staggered Pc units is de­
picted in Fig. 1. The Pc molecules are cofacially stacked in 
parallel columns. For the analysis of the diffraction patterns 
of the metal picrate complexes of 1 we followed the same 
procedure, but we also used the information derived from 
elemental analysis and UV/Vis spectroscopy [4a], Elemen­
tal analysis of the metal picrate complexes of 1 showed a 
host-guest ratio of 1:4. A potassium ion just fits into the 
18-crown-6 ring. UV/Vis experiments, using anhydrous sol­
vents, suggested aggregation of the Pc units upon adding 
K +-picrate [4a]. The picrate anion is located in the neigh­
bourhood of a potassium ion, forming an ion pair with it.
Clustering of the ion pairs leads to stacks of alternating 
crowned phthalocyanine and picrate anions, as shown in 
Fig. 2. A spacing of 3.4 A  was assigned to be the interplanar 
distance. With this model we generated an orthorhombie 
unit cell with parameters a — b =  22.76, c =  12.91 A . These 
parameters are in agreement with the diffraction data. The 
large c parameter could be due to the orientation of the
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Fig. 1
Schematic rep resen tation  of the  pack ing  o f 1
picrate anions. The diffraction patterns of the rubidium, and 
cesium picrate complexes of 1 were very similar, but different 
from their potassium counterpart. The powder diffraction 
patterns of both the rubidium and cesium complex indicated 
that ordering of the Pc stacking was very high, higher than 
the Pc stack of the potassium complex of 1. In UV/Vis 
experiments we observed aggregation upon adding rubid­
ium and cesium salts to a solution of 1 [4a]. In these ag­
gregates the cations are sandwiched between the crowns, 
and the Pc macrocycles have an eclipsed conformation. Ru­
bidium and cesium ions have diameters that exceed the inner 
diameter of a planar 18-crown-6 ring. We assumed a similar 
structure to be possible in the solid state. Because of the 
resemblance of the powder diffraction patterns and the UV/ 
Vis experiments, we assume the same stacking for both the 
rubidium and cesium complex of 1. Remarkable in the dif­
fraction pattern of the cesium complex were four sharp re­
flections in the region between 3.8 and 3.4 A. In the diffrac­
tion pattern of the rubidium complex similar reflections were 
found, all of them at 0.1 A shorter distances, i.e. between 
3.7 and 3.3 Â. This indicates an interplanar distance that is 
0.1 Â smaller in the rubidium as compared to the cesium 
complex. The data of the cesium picrate complex could be 
fitted to a tetragonal unit cell a — b =  29.44, c =  10.63 Â, 
and those of the rubidium picrate complex to a tetragonal 
unit cell a =  b =  29.44, c =  10.40 A. A probable molecular 
arrangement that fits these unit cells is schematically given 
in Fig. 3.
Although the X-ray measurements gave sharp powder dif­
fraction patterns, it proved to be impossible to determine 
exact positions of the molecules in the proposed cells.
Electrical Measurements
The electrical properties of phthalocyanine 1, and of its 
K +, Rb+, and Cs+ picrate complexes were studied in the
solid state by a. c. impedance spectroscopy. CuPc was used 
as a reference compound. Fig. 4 shows typical impedance 
spectra for the rubidium picrate complex of 1, 1 • Rb+, at 
155°C. Similar spectra were obtained for 1 and for its other 
metal picrate complexes. All spectra suggest that electrode 
polarisation phenomena are absent and that electronic con­
ductivity predominates.
Seebeck measurements revealed compound 1 and CuPc 
to be p-type electronic conductors, as has earlier been ob­
served for CuPcJ1, whereas the K +, Rb+, and Cs+ picrate 
complexes of 1 exhibit n-type electronic conductivity. The 
rubidium picrate complex of the metal free derivative of 1 
showed n-type conductivity as well. For copper phthalo-
0*1
--NO2
o2n
Fig. 2
Schem atic representation  of the K + picrate complex of 1
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M easured (□ )  and calculated ( + )  im pedance spectrum  of 1 • C s+ 
at 155°C
parallel constant phase element (CPE) Qu  with an impe­
dance Z =  (/Cj(ia))“)_1 has values for a of 0.5 to 0.7. This 
element is related to ionic diffusion. Usually, ionic conduc­
tion should be represented with an jRCs branch, R_1 being 
the ionic conductance and C the double layer capacitance 
representing the ion blocking effect of the Pt electrode. Fits 
with the R Cs branch included, led to insignificant values for 
R, and values for C comparable to k , . This may indicate 
that the mechanism of ionic conduction is dominated by 
diffusion. Fig. 6 shows the temperature dependence of Q,,
plotted as ln^/q • — ■ versus 1/T. This figure points to a
thermally activated transport of Rb+ and Cs+. The slopes 
of the curves correspond to a conduction activation en­
thalpy, AH (Q¡), of 0.64 eV for the Rb+ , and 0.59 eV for the 
Cs+ complex of 1. This may be related with binding of Rb+ 
and Cs+ to 18-crown-6 [4a]. The larger Cs + -ion has a lower 
binding energy with the 18-crown-6 rings of 1 than the
smaller RbH-ion. It is, therefore, easier to transport Cs+
Fig. 3
Schematic representation of complexes of 1 w ith R b 1', and C s+ 
picrate
cyanine it is known that the conduction pathway of the 
charge carriers is formed by it—n  overlap of the macrocyclic 
rings [12]. The present data suggest that upon addition of 
a metal picrate salt to 1 the conduction pathway changes 
from ligand centred by holes to metal centred by electrons, 
as a result of interacting d-orbitals of the Cu2+ centres 
[4b, 13].
The impedance spectra of the metal picrate complexes of 
1 could be fitted to the equivalent circuit, Cm-Rhp<2i pQ2s, 
where s and p stand for series and parallel, respectively 
(Fig. 5). CrjD represents the high-frequency capacitance, 
A
C«, =  £6o ~r, and Rh the bulk electronic conductivity. The
a
through the crystal lattice than Rb + . As can been seen in 
Fig. 6, the K +~ion exhibits a different behaviour. The slope 
of this curve does not refer to thermally activated ion con­
duction. In fact, CPE Q\ in Fig. 5, is not required for fitting 
the impedance spectra of 1 • K +. Adequate fit results are 
obtained also with the equivalent circuit C ^ i^ p ^ s . Po-
• Q î
Equivalent circuit for the a.c. response of the K +, C s+, and Rb"* 
complexes of 1
(iC V t I/k ' '
Fig. 6
Tem perature dependence of <2i plo tted  as In T  ) vs. 1 /T  for
the metal picrate complexes o f 1
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tassium has a much larger binding energy with 18-crown-6 
than rubidium and cesium. As can be seen in Fig. 2, the 
potassium ions fit in the crown-ether rings and are closely 
packed with picrate anions in between. Hence, the K +-ions 
are practically immobile. Potassium conduction has been 
demonstrated to occur through an 18-crown-6 channel [14]. 
For further examination of a possible contribution of K +- 
ions to the conductivity, the open-circuit voltage (OCV) of 
the concentration cell K-amalgam(I) |1 ■ K + | Hg(II) was 
measured during discharge of this cell. The OCV did not 
decrease in a subsequent period of discharge of 40 h. From 
this is concluded that potassium ions are not involved in 
d.c. transport in 1 • K +.
The temperature dependence of the electrical conductivity 
a of the prepared compounds, plotted as in c(7 T) versus i / T  
is shown in Fig. 7. The isothermal electrical conductivity at 
180°C and the conductivity activation energy, Eu are pre­
sented in Table 1. As can be seen in Table 1 and Fig. 7 
compound 1 shows a higher electrical conductivity, and a 
lower activation energy than CuPc. A substantial increase 
in electrical conductivity occurs when 1 is complexed with
an alkali metal ion. This increase is larger for Rb+ and Cs+, 
than for K +. This can be explained by the fact that com- 
plexation of an alkali metal ion results in aggregates with 
eclipsed phthalocyanine units. Rb+ and Cs+ ions slightly 
decrease the interplanar spacing and change the angle of 
staggering between the macrocycles as is concluded from 
the X-ray powder diffraction patterns, resulting in an in­
creased n —n  overlap [15]. This overlap could be higher for 
Rb+ than for Cs+ because the latter has a larger diameter. 
In the K + complex of 1, picrate anions are intercalated 
between eclipsed macrocycles, but the ordering of the Pc 
stacking is less than for the rubidium and cesium complexes. 
The overall effect is a higher conductivity activation energy. 
From the presented data it can be concluded that the elec­
trical properties are affected by a variation in the angle of 
staggering between the Pc macrocycles.
Table 1
Electrical conductivity (a) at 180°C, activation energy (£„), and type of con­
ductivity of 1, its metal picrate complexes, and of CuPc
Compound o-iso-c/S • m 1 E„/eV
Type of 
conductivity
CuPc 6 • 10"* 1.39 P
1 5 • 10~7 1.18 P
1 • K + 1 • 10“ 3 1.33 n
1 • Rb+ 3 • lO-"1 1.02 n
1 ■ Cs + 7 • IQ“ 5 1.09 n
Fig. 7
Tem perature dependence of the electrical conductiv ity  (<r), p lo tted  
as In c  versus i / T , for 1, and of its m etal p icra te  com plexes
For all samples the CPE Q2, with an impedance Z =  
(^(ico)“)-1 , has a value for a between 0.1 and 0.4, and has, 
therefore, the character of a resistance. We relate the pres­
ence of this CPE to current inhomogeneities, which occur 
due to barriers from cross-linking of the metal picrate ag­
gregates of 1 as visualised in Fig. 8. Charge transport re­
quires hopping between phthalocyanine stacks. The acti­
vation energies Ea(Q2) for this hopping process are given in 
Table 2. These values are similar to the activation energy, 
found by Belarbi et al. [16], required for intermolecular 
electron hopping between Pc2Lu subunits. The conduction 
activation energies, E a, related to charge transport within
Fig. 8
C ross-linking of p h th a locyan ine  stacks
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stacks (Table 1), have larger values than the activation en­
ergies for hopping between stacks, Ea(Q2). Ea must, therefore, 
A E
be interpretated as: Ea = +  A£iStra, with AES the for­
mation activation energy of the charge carriers, and 
AEüJtra the activation energy of intrastack electron migra­
tion. With the rough approximation: «  E^{Q2), val­
ues can be estimated for A£f. Estimated values for ÀEf are 
1.56 eV for the K +-complex, 1.32 eV for the Cs+-complex, 
and 1.14 eV for the Rb+-complex of 1. These values show 
a linear correlation with the interplanar distances of the 
metal picrate complexes of 1.
Table 2
Activation energies, £,(62), for hopping of electronic charge carriers between 
phthalocyanine stacks
Compound £ a(ß2)/eV
1 • K + 0.55
1 ■ Rb+ 0.45
1 • Cs+ 0.43
The metal picrate complexes of 1 are intrinsic semicon­
ductors with a larger mobility of the electrons than that of 
the holes.
The n-type K +, Rb+, and Cs+ picrate complexes of 1 
show Meyer-Neldel behaviour, i.e. a linear relationship be­
tween the isothermal conductivity plotted as logff(T) and 
Ea [17]. However, the slope of the logff(180°C) versus Ea 
curve is smaller than the expected value of 0.434/A: T, indi­
cating an additional temperature independent term preced­
ing the term exp {—EJ k T )  as has been found for semicon­
ducting oxidized cholesterol, retinal, RNA and DNA [18]. 
A possible explanation for this behaviour is tunneling of 
thermally excited electrons through intermolecular barriers, 
according to the Many, Harnik, and Gerlich model. This 
tunneling leads to an activation energy dependent mobility
[19].
The dielectric constant (s), obtained from the high-fre- 
quency capacitance Cm, of polycrystalline 1, its K +, Rb+, 
and Cs+ complexes, and CuPc are listed in Table 3. These 
values are higher than earlier published data on phthalo- 
cyanines [20], The values are, however, strongly de­
pendent on the morphology, preparation, and compaction 
methods of the samples. In this respect, the present samples 
differ from the samples in Ref. [20].
Table 3
Dielectric constant (s) of 1, its K+, Rb+, and Cs+ picrate complexes, and of 
CuPc
Compound e
1 82.4
1 • K + 74.0
1 ■ Rb+ 70.9
1 • Cs+ 65.2
CuPc 67.0
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